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Introduction
Z. Darula et al., Eur. J. Mass Spectrom. 16, 421-428 (2010) received: 31 July 2009 n Accepted: 14 August 2009 n Publication: 11 September 2009 Proceedings of the 18 th International conference on Mass Spectrometry follows an entirely different pathway, yielding mostly c and z • fragments and leaving the peptide side-chains (including modifications) intact. thus, EtD represents a promising alternative for the analysis of fragile post-translational modifications and, indeed, successful EtD analysis of o-linked glycopeptides has been reported. 7, 8 Here, we describe the mass spectrometric characterization of o-linked glycopeptides bearing SA 1-0 -GalGalNAc structures. these glycopeptides were enriched from bovine serum using lectin-affinity chromatography and were then subjected to cID and EtD analysis on a linear ion trap-orbitrap hybrid mass spectrometer either intact or after exoglycosidase treatment, which leaves only the core GalNAc residues attached. Database searches and fragment assignments were accomplished by Protein Prospector, allowing unambiguous identification of several glycosylation sites. Here, we present a summary of the information the different MS/MS techniques provide and how these results are utilized by the existing computational tools. We also describe the limitations of the methods. our conclusions are valid for glycopeptides with other similarly simple o-linked carbohydrate structures, such as the regulatory o-GlcNAc modification. 8, 9 In addition, we outline a more utilitarian data interpretation approach that employs the combination of all available data. this more efficient use of the available information is highly desirable for addressing such complex problems as o-glycosylation, but would also be appropriate for the characterization of other post-translational modifications.
Experimental
Secreted glycopeptides were enriched from bovine serum after tryptic digestion using Jacalin-affinity chromatography. An aliquot of the enriched glycopeptides was subjected to neuraminidase and b−galactosidase treatment (sample preparation described in reference 10).
LC/MS
reversed-phase chromatography was performed using a nanoAcQuIty HPLc system (Waters) with a nanoAcQuIty uPLc BEH c18 column (1.7 µm, 75 µm × 200 mm); 0.1% formic acid in water and 0.1% formic acid in acetonitrile were solvent A and B, respectively. Peptides were eluted by a gradient from 2% to 35% solvent B in 35 min followed by a short wash at 50% solvent B, before returning to starting conditions. Data acquisition was carried out on a linear ion trap-orbitrap mass spectrometer (LtQ-orbitrap, thermo fisher Scientific) in a data-dependent fashion, acquiring sequential cID and EtD spectra of the three most intense multiply charged precursor ions identified from each MS survey scan. MS spectra were acquired in the orbitrap; cID and EtD spectra in the linear ion trap. Ion populations within the trapping instruments were controlled by integrated automatic gain control (AGc). for cID, the AGc target was set to 30,000, with dissociation at 35% of normalized collision energy and an activation time of 30 ms. for EtD, the AGc target values were set to 3000 and 200,000 for the isolated precursor cations and fluoranthene anions, respectively, and allowing 100 ms of ion/ion reaction time. Supplemental activation for the EtD experiments was enabled. Dynamic exclusion was also enabled, with an exclusion time of 60 s.
Data interpretation
Peaklists were created using Bioworks 3.3.1 SP1. Database searching was performed by ProteinProspector v.5.3 (http:// prospector.ucsf.edu) against the SwissProt database (4.24.2008), supplemented with a random sequence for each entry, and species specified as Bos taurus (10170/725568 entries searched). for both cID and EtD data, trypsin was selected as the enzyme, one missed cleavage was permitted and nonspecific cleavage was also permitted at one of the peptide termini. this non-specific cleavage had to be considered because of the sample source, not because of sample preparation issues: proteolytic activity is rampant in serum. Mass accuracy was set to 15 ppm for precursor ions and 0.6 Da for the fragment ions. carbamidomethylation of cys residues was a fixed modification, while the acetylation of protein N-termini, Met oxidation and the cyclization of N-terminal Gln residues and HexHexNAc or SAHexHexNAc modification on thr and Ser residues were permitted. A maximum of two modifications per peptide were considered. the same search parameters were used for the EtD data after the exo glycosidase digestion, except Ser and thr residues were modified by HexNAc only and three modifications per peptide were permitted. Search parameters for cID data after the exoglycosidase treatment also included a modification of 203-203.1 Da on Ser and thr residues that lead to a neutral loss of the same mass value; i.e. fragments were assumed to be unmodified. All glycopeptide identifications having a maximal expectation value of 0.3 were manually inspected.
Results and discussion
o-linked glycopeptides bearing SA 1-0 GalGalNAc structures were enriched from bovine serum using Jacalin affinity chromatography and then subjected to cID and EtD analysis on a linear ion trap-orbitrap mass spectrometer.
cID spectra from the linear ion trap mostly show fragments formed via glycosidic bond cleavages. When multiple sugar units are attached to a peptide, ion series (often at more than one charge state) are detected due to sequential carbohydrate losses. from the non-reducing end, oxonium ions and small neutral losses from these fragments are also detected (figure 1, upper panel). thus, from cID spectra, the size and the number of sugar units can be determined, as well as the mass of the unmodified peptide. In certain instances, usually for lower charge state precursor ions (2+ especially), these spectra may also contain fragments formed through peptide backbone cleavages. the identity of the carbohydrate units cannot be determined solely from these data, but we are able to make assignments based on the specificity of the lectin and the exoglycosidases used for partial deglycosylation.
Electron-transfer triggers an entirely different fragmentation with cleavages almost exclusively along the peptide backbone. Good quality EtD spectra permit identification of the peptide sequence, glycan mass and the unambiguous assignment of the modification site (figures 2 and 3). Some carbohydrate fragmentation can also be detected in EtD spectra from charge-reduced species, most likely due to the supplemental activation. 11, 12 As illustrated in figure 3 (MS spectrum in figure 4 ), precursor ions representing metal-ion adducts may also produce excellent EtD spectra. unfortunately, in order to obtain efficient EtD fragmentation, precursor ions with a sufficient amount of charge-density are required. Precursor ions above m/z ~850 usually do not yield sufficient information regardless of their charge state 12 (for example, figure 1, lower panel) .
reducing the mass of the glycopeptide while retaining the charges should be advantageous for EtD analysis. this can be accomplished with sequential neuraminidase and b-galactosidase digestion, which will leave only the GalNAc units attached to the peptides. Indeed, figure 5 shows that multiply modified glycopeptides can be successfully identified by EtD from the analysis of molecules displaying only the proximal GalNAc units. the exoglycosidase digestion, i.e. retaining only the core GalNAc units, also improves cID spectra by decreasing the number and intensity of neutral losses and increasing the number of peptide fragments ( figure 6 ).
for identifying glycosylated peptides by database searching, information about the carbohydrate size and composition is necessary prior to the data interpretation. In the present study, the lectin-specificity determined the carbohydrate structure. However, this information is also readily obtained from the corresponding cID spectrum, albeit not automatically yet. Equipped with this knowledge, glycopeptide EtD spectra could be identified and interpreted using Protein Prospector v5.3 (some features have previously been described 8 ), that has been developed to handle EtD data. While other search engines also accommodate EtD fragmentation, Protein Prospector is unique in this aspect, as besides the canonical c and z • EtD fragments it also considers the formation of alter- Figure 4 ). The upper panel shows the CID spectrum acquired in the linear ion trap; the spectrum is dominated by fragments that consist of the intact glycopeptide minus sugar units, annotated "-SA" (the glycopeptide minus sialic acid), "-SA-Gal" etc. There are also non-reducing end oxonium ions ("SA", "SA-Gal" etc.). The lower panel shows the ETD spectrum. This spectrum contains no useful information, probably because the low charge-density of the precursor ion prevented efficient ETD fragmentation. Figure 1 . Its MS spectrum is presented in Figure 4 , where the upper panel clearly illustrates that at the higher charge state the solely protonated ion was practically non-existent. Asterisk-labeled fragments retained the Na-ion. Figures 1 and 3 . The MS scan also illustrates that the distribution of protonated ions and Na-and K-adducts can be significantly different at different charge states. Thus, sometimes only metal-ion adducts will be subjected to MS/MS analysis from a cluster. native c-1 • and z+1 ions. We found that while the formation of such hydrogen-transfer fragments cannot be predicted with certainty, doubly charged precursor ions produce them in significantly higher yield than precursor ions of other charge states. In addition, a weighted EtD scoring is applied-ion types more frequently detected contribute more to the final score while, for example, b-ion fragments are searched for but do not alter the score significantly when detected. Protein Prospector v5.3 permits the merged display of cID and EtD search results. In such a report file, one may retain a single spectrum with the best score for a unique sequence or the best data for each charge state. table 1 shows such merged EtD and cID results for an Apolipoprotein E glycopeptide. While good EtD data usually require a precursor with a charge of +3 or more, doubly charged precursors tend to produce the highest quality cID data. thus, information gathered from EtD and cID data of the same glycopeptide in different charge states can often confirm a tenuous assignment. the exact site assignment of covalent modifications is a recurring issue in automated database searches. Software will provide an assignment even when insufficient information is available. Protein Prospector allows the user to move the assignment location of the modification so one can compare results with different site interpretations to test the validity of the assignments, although this analysis is manual and one spectrum at a time. this also allows annotation of peaks with and without modification attachment, as shown in figure  7 . this figure displays the annotation of ions with no sugar attached (i.e. where fragments underwent gas-phase deglycosylation) and with the correctly assigned modification site. this shows that there are a number of deglycosylated fragment ions in this spectrum, but also glycosylated fragments that allow modification site assignment.
Conclusion
the ideal method for the mass spectrometric characterization of o-linked glycopeptides requires the combination of MS level information and complementary fragmentation techniques. the MS survey scans provide information about all available related precursor ions, i.e. different charge states of the same molecule and metal-adducts. cID spectra yield data about the presence, composition and potential size of the carbohydrate(s) as well as the mass of the unmodified peptide. EtD spectra yield information for peptide sequence identification and provide the most promising method for determining the modification site. Protein Prospector is able to identify glycopeptides by database searching of EtD data if only a few carbohydrate structures are considered. It is also able to merge cID and EtD search results into a single output file. for glycopeptide data analysis, this combining of results from different fragmentation types is primarily of use when analyzing peptides bearing a single sugar modification, such as the glycosidase-treated samples presented in this work or single o-GlcNAc modified peptides, 8 as it is only for these simple sugar structures that cID is able to provide informative spectra about peptide sequence.
In addition, the software permits manual comparison of the potential site assignments and annotation of glycosylated and de-glycosylated fragment ions in the same spectrum, which is a particularly useful feature for cID spectra of o-linked glycopeptides, where both fragment types are generally present.
We believe that the combination of the complementary fragmentation options discussed in this manuscript, along with improved data analysis software, should greatly facilitate o-linked glycopeptides analysis.
